Three-dimensional (3D) configurations of 14H long-period stacking ordered (LPSO) structures formed in Mg 97 Zn 1 Gd 2 cast alloys at intermediate stages of the formation process have been studied by single tilt-axis electron tomography using high-angle annular dark-field scanning transmission electron microscopy. Lateral morphology of the 14H LPSO is clearly visualized by reconstructing 3D volumes. An existence of "dent-shaped" area was found in a 3D reconstructed volume for the first time. The edge of LPSO shows a characteristic triangular shape with an angle of 60°, which indicates that the growth front is parallel to f11 20g Mg . It is suggested that in-plane irregular or characteristic shapes are related to the lateral growth mechanism of LPSO. Electron tomography has proven to be an indispensable tool to characterize in-plane structural information of LPSO formed in ¡-Mg matrix.
Introduction
Magnesium alloys containing transition metal (TM) together with rare earth (RE) elements such as Mg-Zn-Y have been attracting much interest as next generation lightweight structural materials due to their properties such as low density, high specific strength, damping capacity, recycling efficiency, and so on. The strength of the materials can be attributed to the characteristic long-period stacking ordered (LPSO) structure (synchronized LPSO) formed in ¡-Mg matrix. 1) In spite of the technical importance, the formation mechanism of the synchronized LPSO has not been clarified yet. Recent structural characterization of the LPSO relies on scanning transmission electron microscopy (STEM) with an improved resolution and chemical sensitivity. The state-of-the-art electron imaging techniques enable atomic scale characterization of structural and chemical irregularities in the LPSO. 24) However, the images obtained by this technique are projections of three-dimensional (3D) objects; and in order to better understand the nature of the formation behavior of LPSO, visualization of 3D structures is greatly needed. In this respect, electron tomography has opened a new prospect: the technique can retrieve 3D structural information usually missing in (S)TEM.
5)
The Mg-Zn-RE alloys can be classified into two categories from the viewpoints of formation processes of the LPSO. 6) The alloys that can give rise to LPSO structures in an as-cast state are termed as type I, and the aforementioned Mg-Zn-Y alloy is representative of this type. For example, in a Mg-0.7 at%Zn-1.4 at%Y alloy, LPSO structures remain along grain boundaries and as particles inside the matrix even after solution treatment at 793 K. 7) On the other hand, those where LPSO do not form in as-cast state are so called type II alloy. For example, the Mg-Zn-Gd system belongs to this category. 8) In this alloy system, no LPSO phase exists in the as-cast state and the 14H-type LPSO is formed by aging at temperatures higher than 623 K. Hence the type II alloy is suitable for investigating growth process of the LPSO as a function of annealing temperature and time.
In this study we have hence chosen to characterize 3D structures of the LPSO formed in Mg 97 Zn 1 Gd 2 alloys at intermediate stages of LPSO formation by means of single tilt-axis tomography using high-angle annular dark-field (HAADF) STEM.
Experimental Procedure
The Mg-Zn-Gd cast alloy ingots were prepared using highfrequency induction heating in an Ar atmosphere. The nominal composition of the alloy is Mg 97 Zn 1 Gd 2 (at%). We confirmed that the as-cast alloy is composed of ¡-Mg matrix (solid solution phase) and a secondary phase as reported in the literature. 8) The specimens were then annealed at 773 K in the Ar atmosphere for different intervals of 0.06, 0.9 and 18 ks, and then quenched into ice water. Here, the aging temperature was selected based on the time-temperaturetransformation (TTT) diagram reported by Yamasaki et al.
8)
To prepare samples for TEM, disk-shaped specimens were mechanically thinned followed by Ar ion milling. Details of the TEM specimen preparation can be found in the literature. 4) Microstructures of the alloy were characterized using an FEI TITAN 3 60-300 STEM operating at 300 kV with a CEOS aberration (C S ) corrector for the probe-forming lens. Tiltseries of HAADF-STEM images were obtained sequentially from 0°to ¹70°and then 0°to +70°with the tilt angle increment of 2°using a single-axis tilt holder (Fischione model 2020). We set the electron probe convergence to be 1014 mrad in semi-angle, taking into account a short focal length of the C S -corrected STEM. Inner collection angle on the HAADF-detector was set to be 50 mrad. We employed simultaneous iterative reconstruction technique (SIRT) and weighted back-projection (WBP) method for 3D reconstruction of the obtained tilt-series dataset after tilt-axis alignment.
Results and Discussion
Evolution of the microstructure was monitored by electron diffraction and HAADF-STEM imaging as a function of aging time at 773 K. In the as-cast alloy no LPSO phase was detected as mentioned above. Formation of solute-segregated stacking faults (SFs) 8) was detected by electron diffraction as an emergence of weak streaks between fundamental reflections in the [0001]* Mg direction after aging for 0.06 ks. The streaks split into six spots after aging for 0.9 ks; these satellite reflections indicate the formation of the 14H LPSO structure. At this stage the LPSO appears as thin bands with a thickness less than 20 nm in the To elucidate 3D distributions of the LPSO structures at an intermediate stage of their formation process, we have carried out electron tomography for specimens after aging at 773 K for 18 ks. Figure 2 shows snapshots of reconstructed 3D images viewed from several directions. Tilt axis is in the vertical direction of the images. The 3D structures were reconstructed by SIRT using a tilt-series dataset after the tilt-axis alignment. Note that we employed images taken at tilt angles between ¹62°and +62°for 3D reconstruction based on careful inspection of contrasts. The reconstructed volume is 1961 nm © 2408 nm © 1320 nm (456 pixels © 560 pixels © 307 pixels) with the pixel size of 4.3 nm/pixel. As can be seen, 3D configurations of the LPSO and residual particulate precipitates are clearly reconstructed. It should be noted that lateral width of the LPSO exceeds the foil thickness in the observed area. Lateral morphology is also visualized by rotating the reconstructed 3D volume. It is also noted that edge of each LPSO band has characteristic triangular shapes. Figure 3 (a) shows another example of a HAADF-STEM image of thin LPSO structures. The beam incidence is close to ½ 12 10 Mg . Distribution of thin LPSO structures, as appear as straight lines by Z-contrast, is clearly seen. Formation of 14H LPSO structures was confirmed by electron diffraction, which showed satellite peaks due to the long-period stacking. Note that the LPSO grows on a plane parallel to (0001) Mg . The rectangular area surrounded by broken lines was then selected and reconstructed by SIRT after tilt-axis correction. The axis of tilting is in the vertical direction in this image. Figure 3 (b) shows a snapshot of the reconstructed volume by SIRT, which corresponds to the 2D image shown in Fig. 3(a) . We employed images taken at tilt angles between ¹70°and 56°for 3D reconstruction. The reconstructed volume is 7212 nm © 8978 nm © 2710 nm (591 pixels © 742 pixels © 224 pixels) with a pixel size of 12.1 nm. Thickness of the reconstructed area was found to be approximately 1.2 µm. It should be mentioned that at the tilt angle of 70°the specimen thickness reaches 3.5 µm; the thickness is still within the maximum observable limit for electrons accelerated at 300 kV. 10, 11) As seen, shapes and distribution of the LPSO are well reproduced. Another snapshot shown in Fig. 3(c) , viewed from an oblique direction, revealed an existence of an in-plane "dent-shaped" area of the LPSO as marked by a double-arrowhead, which has not been reported so far. The "dent-shaped" area corresponds to the area in Fig. 3(a) as marked by a double-arrowhead, where the intensity of the Z-contrast viewed from the edge-on direction is markedly reduced due to a reduction of lateral width of LPSO in ½ 12 10 Mg direction. This result clearly indicates that a decrease in Z-contrast of LPSO is not always caused by variation of chemical composition of solute elements. Observation frequency of the "dent-shaped" area was 20% in the reconstructed volume shown in Fig. 3 (LPSOs including the "dent-shaped" area was 5 out of 25 LPSOs). It should be mentioned that the present result may contain approximately 12% of error in z-direction parallel to optical axis due to the missing wedge, which is introduced by a limited maximum tilt angle. 12) Here, also note that a characteristic triangular shape can be seen at the edge of an LPSO band as marked by a circle. Although the detailed growth mechanism of the LPSO is not clear, it is presumed that such irregular or characteristic shapes are related to the lateral growth mechanism of the LPSO. Figure 4 (a) shows a HAADF-STEM image of an area with sparsely distributed thin LPSO plates. Some of the thin plates are solute-segregated SFs rather than LPSO. We selected a rectangular area surrounded by the solid lines for 3D reconstruction. The axis of tilting is in the vertical direction in this image. The result reconstructed by WBP method is shown in Fig. 4(b) . For this dataset, WBP gives a better result in reconstruction of thin plates than SIRT does (a similar result was obtained in our previous study on nanoparticles 13) ). The reconstructed volume is 366 nm © 1574 nm © 241 nm (85 pixels © 366 pixels © 56 pixels) with the pixel size of 4.3 nm. The maximum tilt angle employed for the reconstruction was 60°. In this area there are three very fine LPSO plates (and/or solute-segregated SFs) as indicated by arrowheads; which overlap each other and form a step-like structure. Lateral morphology of this area is shown in Fig. 4(c) . As can be seen, the edge of each plate shows characteristic triangular shapes with different angles as labeled in the image. In this manner, we measured edge angles of the LPSO plates and made a histogram, which is shown in Fig. 5 . This analysis disclosed that the edge angles distribute between 30°and 90°, and angles around 60°are dominant. It is then suggested that these angles are the crystallographic features of LPSO structures, that grow parallel to the (0001) planes of the ¡-Mg matrix having hexagonal closed packed (hcp) structure.
To clarify the origin of edge angles shown above, we cross-examined the morphological features of LPSO with their crystallography based on the reconstructed 3D volumes and electron diffraction patterns. These examinations led us to propose model structures as shown in Fig. 6 . Here, the angle of 60°corresponds to ð11 20Þ Mg , while the angles of 30°a nd 90°correspond to ð01 10Þ Mg and ð10 10Þ Mg , respectively. Note that the latter two planes are symmetrically equivalent in the hcp structure. It should be noted that frequent occurrence of edge angles of about 60°implies that
ð11
20Þ Mg is a preferable plane for lateral growth of LPSO in ¡-Mg matrix. Such structural information related to lateral morphology of LPSO has not been obtained except scanning tunneling microscopy 14) and hence the present results demonstrate the usability of electron tomography as a tool to characterize 3D microstructures in medium scale range from nanometer to a few micrometers.
Conclusion
We have characterized 3D configurations of 14H LPSO structures formed in Mg 97 Zn 1 Gd 2 cast alloys at intermediate stages of LPSO formation by means of single tilt-axis electron tomography using HAADF-STEM. The results can be summarized as follows.
(1) Tilt-series dataset obtained by HAADF-STEM leads to a clear-cut 3D reconstruction of LPSO structures distributed in the ¡-Mg matrix. Solute-segregated SFs less than 10 nm in thick as well as residual particulate secondary phase are also reproduced in a 3D volume. (2) Lateral morphology of 14H LPSO structures is clearly visualized by the 3D reconstruction of 2D tilt-series dataset. Existence of an in-plane "dent-shaped" area of the LPSO has been revealed. (3) Edges of 14H LPSO structures show a characteristic triangular shape with angles between 30°and 90°. The angle of the most frequent appearance is 60°, which corresponds to a growth front parallel to f11 20g Mg , while less frequently emerging angles of 30°and 90°b oth correspond to f10 10g Mg . (4) It is suggested that f11 20g Mg is the preferable plane for lateral growth of LPSO structures. 
